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Transition-metal-catalyzed asymmetric hydrogenation is one
of the classic success stories in transition-metal catalysis
because it has resulted in several scientific breakthroughs[1] as
well as the development of commercial processes.[2] Many
highly enantioselective catalysts for the asymmetric hydro-
genation of various classes of prochiral substrates have been
reported.[3] However, there are still many challenging sub-
strates that cannot be converted with satisfactory enantiose-
lectivities or yields, which has led to the ongoing intensive
research efforts in this area. Although computational techni-
ques are becoming increasingly important, one cannot design
an enantioselective chiral catalyst in silico, and therefore,
catalyst development for asymmetric reactions relies to a
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great extent upon a trial-and-error approach and sophisti-
cated guesses. Consequently, combinatorial approaches and
high-throughput experimentation have become increasingly
important.[4] Several elegant screening techniques for combi-
natorial catalysis have been developed, but there is only
limited technology available to prepare large catalyst libraries
with sufficient diversity. Interesting breakthroughs include
the revival of the use of monodentate ligands,[5] simultane-
ously reported by the research groups of Reetz,[6] Feringa and
de Vries,[7] and Pringle,[8] and more recently, the successful use
of mixtures of monodentate ligands.[9,10] Lefort et al. accom-
plished the robotic synthesis of 96 monodentate phosphor-
amidites (instant ligand libraries) and robotic screening in
asymmetric hydrogenation in just two days, which demon-
strates the value of simple ligand structures.[11] Although some
interesting modular bidentate ligands have been reported,[12]
a similar breakthrough and revival in the field of bidentate-
ligated transition-metal catalysts[13] would be of great impetus
for asymmetric catalysis. Consequently, we,[14] and others,[15]
have recently introduced a new class of bidentate ligands
resulting from the self-assembly of two monodentate ligands
(Figure 1). We have used the zinc(ii)porphyrin–pyridyl inter-
action as an assembly motif to generate bidentate phospho-
rus-based ligands. We have also shown that only 14 building
blocks were required to generate a library of 48 bidentate
phosphorus ligands,[14b] which have been used successfully in
hydroformylation[14a,c] and asymmetric allylic alkylation reac-
tions.[14b, c] Herein we report the extension of the supraphos
library and its application in the asymmetric rhodium-
catalyzed hydrogenation of a trisubstituted cyclic enamide,
which yielded unprecedented selectivities.
The supraphos ligand consists of two components (dis-
played in red and blue in Figure 1) brought together by the
selective and reversible coordination of the nitrogen donor
atom of ligand L to the zinc atom of L’, and both phosphorus
ligands can then simultaneously coordinate to the rhodium
metal (green). For the current study we have used 7
porphyrin–phosphites, including newly prepared zinc(ii)por-
phyrins functionalized with taddol phosphite (L’2 and L’6),
and 14 phosphorus ligands containing pyridyl (and other N-
donor) groups (Scheme 1). The building blocks were obtained
by simple synthetic routes (see the Supporting
Information), and the supraphos ligand library was
constructed with these building blocks according
to Figure 1. This library was used in the rhodium-
catalyzed hydrogenation of one of the most
challenging benchmark substrates in asymmetric
hydrogenation, N-(3,4-dihydro-2-naphthalenyl)-
acetamide (1; Scheme 2), by using high-through-
put methods to perform 96 reactions in parallel
(0.04 mmol scale).[11, 16] There are only a few
ruthenium-based catalysts known to produce
product 2 with high enantioselectivities (up to
90%) from this commercially interesting sub-
Figure 1. The formation of a bidentate ligand and its transition-metal complex by self-
assembly.
Scheme 1. a) Structures of porphyrin-functionalized phosphites.
b) Structures of N-containing phosphorus ligands.
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strate.[17] Rhodium catalysts generally result in low to
moderate ee values (< 72%) for the product.[18]
The results of the screening experiments displayed in
Table 1 show that the supraphos-based catalysts induced
conversions from 0 to 100% and ee values between 12 and
94%. The best results, in terms of conversion and ee values,
are highlighted in red, and it is clear that there is no
correlation between the ee value and the conversion. The
catalyst based upon supraphos ligand L’1/L2 provides the
highest ee value (94%) reported to date and full conversion.
Results from five other members of the library indicate that
greater than 90% conversion was obtained, but the highest
ee value was only 56%, which represents a significant
decrease from 94%.
In general, both phosphine-phosphite ligands and
bisphosphites can provide catalysts that lead to high con-
versions and ee values up to 56%. Supraphos ligands based on
binol-based porphyrin phosphites (L’1, L’5) induced, with a
few exceptions, much higher conversions and selectivities
than the taddol-based porphyrin phosphites (L’2, L’6). A
small variation in ligand structure results in a large change in
catalyst performance, as is often observed in asymmetric
catalysis. For example, the structural differences between o-,
m-, and p-pyridyl-substituted phosphines (L1, L2, and L3)
seems small, but in combination with L’1 they result in the
formation of rhodium catalysts with substantially different
conversions and ee values of the product. The same is true
when a simple CH2 group bridges the pyridyl group and
phosphorus (L4) or when a methylimidazol group is used
instead of pyridyl (L5).
As the performance of L’1/L2 was exceptional we studied
this supraphos ligand in more detail. 31P NMR spectroscopy
of a 1:1:1 mixture of [Rh-
(cod)2]BF4, L’1, and L2 in CD2Cl2
showed exclusive formation of the
expected [Rh(L’1)(cod)(L2)]BF4
complex (cod= cycloocta-1,5-
diene; see the Supporting Informa-
tion). The performance of supra-
phos ligand L’1/L2 as well as some
important control experiments
were studied on a larger scale
(1 mmol of the substrate), and the
conversion was monitored by
H2 uptake (Table 2). As expected,
the results from the screening
experiments were reproduced on
this scale (Table 2, entry 1). Similar
ee values were obtained, and the
product was completely character-




that the bidentate character of the
supraphos ligand system is impor-
tant. In contrast to the catalyst
based on supraphos ligand L’1/L2,
those based on L’4/L2 (an identical
structure but without the zinc
metal crucial for bidentate ligand
assembly) and L’1/PPh3, generated
the product with only 10% and
24% ee, and at low conversions (Table 2, entries 2 and 3). The
catalysts based on monodentate ligands such as [Rh(L12)2]
(Table 2, entry 5) and [Rh(L’1)2] (20% ee) also provided low
selectivities and high conversions.
We studied the performance of the catalyst based on
supraphos ligand L’1/L2 under various conditions. The
reaction carried out with 1 mol% catalyst resulted in
formation of the product with a high ee value (Table 2,
entry 6). The metal-to-ligand ratio as well as the ratio of L’1/
L2 is of importance for optimal catalyst performance. At high
ligand loading, the ee value is high, but the activity is much
lower (Rh/L’1/L2= 1:1.5:1.5; Table 2, entry 7). Interestingly,
the presence of only a small excess of L’1 does not affect the
results (Rh/L’1/L2= 1:2:1; Table 2, entry 9), thus indicating
that under these conditions catalysis is dominated by the
supraphos bidentate ligand. [Rh(L’1)2] is more active and less
Scheme 2. Rh-catalyzed hydrogenation of N-(3,4-dihydro-2-naphtha-
lenyl)acetamide (1).
Table 1: Conversions (%) of 1 and ee values of 2 induced by the rhodium catalysts based on various
supraphos ligands as obtained from screening experiments.[a–c]
[a] Reaction condition: [Rh(cod)2]BF4, Rh/L’n/Ln=1/1.5/1.2, 5 mol% rhodium, CH2Cl2, 12 bar H2, 40 8C,
0.04 mmol of substrate 1, 20 equiv diisopropyl ethyl amine, 14 h. [b] Conversion and ee were determined
by chiral GC (Chiralsil-DEXCB). Negative ee values indicate that the opposite enantiomer was the major
product. [c] Supraphos ligands based on achiral porphyrin-phosphite L’3, L’7 (in combination with chiral
building blocks L6, L8, L11, L13, L15) gave ee values below 18%, supraphos ligand L’1/L15 gave only
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selective than the Rh/L’1/L2 system so it cannot be a
dominant species during this experiment. Using low ligand/
rhodium ratios results in faster reactions and lower selectiv-
ities, which indicates that other active rhodium species are
formed under these conditions (Table 2, entries 10 and 11).
In view of the superior results of supraphos ligand L’1/L2,
we considered it likely that the phosphine-phosphite combi-
nation plays a crucial role. Therefore we studied binaphos,[19]
a covalent bidentate phosphine–phosphite ligand that has
been applied successfully to many asymmetric transforma-
tions,[20] but in this case the enantioselectivity was moderate
(60%, Table 2, entry 12). Chemical modification of binaphos
might also lead to better selectivities, but this is a much more
tedious process than modification of the supraphos ligand. To
date, there is no covalent bidentate ligand that equals the best
result obtained with a supraphos-based catalyst, which
suggests that the supraphos ligand displays new ligand
properties. The large aromatic surface of the porphyrin may
play an important role because it creates a pocket to
accommodate the substrate. In addition, the supraphos
strategy facilitates the formation of ligand combinations
that may not form, at least in significant quantities, by only
using mixtures of monodentate ligands.[9, 10]
In summary, we have demonstrated that the supraphos
concept provides easy access to large bidentate ligand
libraries and that these ligands can successfully be applied
in rhodium-catalyzed asymmetric hydrogenation. High-
throughput screening of the current library revealed a catalyst
that hydrogenates the trisubstituted cyclic enamide 1 with the
highest enantioselectivity known to date. This unambiguously
shows that a supramolecular approach to create bidentate
ligands is a very powerful tool which leads to new catalysts
with properties that surpass those currently available. From
the library of 64 supraphos ligands investigated, only one
provides a catalyst that induced high ee values, which stresses
the point that large ligand libraries are required for challeng-
ing asymmetric conversions, such as the hydrogenation of the
trisubstituted cyclic enamide 1. One of the advantages typical
of supramolecular ligands is the easy access to these large
libraries, and we are currently preparing various libraries to
widen the scope of asymmetric reactions.
Received: October 16, 2005
Published online: January 13, 2006
.Keywords: asymmetric catalysis · combinatorial chemistry ·
high-throughput screening · self-assembly ·
supramolecular chemistry
[1] a) W. S. Knowles, Angew. Chem. 2002, 114, 2096 – 2107; Angew.
Chem. Int. Ed. 2002, 41, 1998 – 2007; b) R. Noyori, Angew.
Chem. 2002, 114, 2108 – 2123; Angew. Chem. Int. Ed. 2002, 41,
2008 – 2022; c) W. A. Nugent, T. V. Rajanbabu, M. J. Burk,
Science 1993, 259, 479 – 483.
[2] a) A. S. C. Chan, S. A. Laneman, R. E. Miller, J. H. Wagen-
knecht, J. P. Coleman,Chem. Ind. 1994, 53, 49 – 68; b) R. Selke in
Asymmetric Catalysis on Industrial Scale (Eds.: H.-U. Blaser, E.
Schmidt), Wiley-VCH, Weinheim, 2004, pp. 39 – 53; c) D. J.
Ager, S. A. Laneman in Asymmetric Catalysis on Industrial
Scale (Eds.: H.-U. Blaser, E. Schmidt), Wiley-VCH, Weinheim,
2004, pp. 259 – 268; d) T. Iida, T. Mase, Curr. Opin. Drug
Discovery Dev. 2002, 5, 834 – 851; e) J. G. de Vries in Encyclo-
pedia of Catalysis I, Vol. 3 (Ed.: T. Horvath), Wiley, New York,
2003, pp. 295 – 347; f) Handbook of Chiral Chemicals, 2nd ed.
(Ed.: D. Ager), CRC, New York, 2005.
[3] a)Handbook of Homogeneous Hydrogenation (Eds.: J. G.
de Vries, C. J. Elsevier), Wiley-VCH, Weinheim, 2006 ; b) P. A.
Chaloner, M. A. Esteruelas, F. JoI, L. A. Oro, Homogeneous
Hydrogenation, Kluwer, Dordrecht, 1994 ; c) J. M. Brown in
Comprehensive Asymmetric Catalysis, Vol. 1 (Eds.: E. N. Jacob-
sen, A. Pfaltz, H. Yamamoto), Springer, Berlin, 1999, chap. 5.1,
pp. 121 – 183; d) H.-U. Blaser, F. Spindler in Comprehensive
Asymmetric Catalysis, Vol. 1 (Eds.: E. N. Jacobsen, A. Pfaltz, H.
Yamamoto), Springer, Berlin, 1999, chap. 6.2, pp. 247 – 267; e) T.
Ohkuma, R. Noyori in Comprehensive Asymmetric Catalysis,
Vol. 1 (Eds.: E. N. Jacobsen, A. Pfaltz, H. Yamamoto), Springer,
Berlin, 1999, chap. 6.1, pp. 199 – 246.
[4] a) A. Hagemeyer, B. Jandeleit, Y. Liu, D. M. Poojary, H. W.
Turner, A. F. Volpe, Jr., W. H. Weinberg, Appl. Catal. A 2001,
221, 23 – 43; b) M. T. Reetz, Angew. Chem. 2001, 113, 292 – 320;
Angew. Chem. Int. Ed. 2001, 40, 284 – 310; c) S. Dahmen, S.
BrJse, Synthesis 2001, 1431 – 1449; d) A. Hoveyda in Handbook
of Combinatorial Chemistry, Vol. 2 (Eds.: K. C. Nicolaou, R.
Hanko, W. Hartwig), Wiley-VCH, Weinheim, 2002, pp. 991 –
1016; e) V. Murphy, H. W. Turner, T. Weskamp in Applied
Homogeneous Catalysis with Organometallic Compounds, Vol. 2
(Eds.: B. Cornils, W. A. Herrmann), 2nd ed., Wiley-VCH,
Weinheim, 2002, pp. 740 – 747; f) C. Gennari, U. Piarulli,
Chem. Rev. 2003, 103, 3071 – 3100; g) J. G. de Vries, A. H. M.
de Vries, Eur. J. Org. Chem. 2003, 5, 799 – 811; h) K. Ding, H.
Du, Y. Yuan, J. Long,Chem. Eur. J. 2004, 10, 2872 – 2884; i) M. T.
Reetz inComprehensive Coordination Chemistry II, Vol. 9 (Eds.:
J. A. McCleverty, T. J. Meyer), Elsevier, Oxford, 2004, pp. 509 –
548.
[5] For recent reviews on monodentate ligands, see: a) T. Jerphag-
non, J.-L. Renaud, C. Bruneau, Tetrahedron: Asymmetry 2004,
15, 2101 – 2111, and references therein; b) J. G. de Vries in
Handbook of Chiral Chemicals, 2nd ed. (Eds.: D. Ager, S.
Laneman), CRC, New York, 2005.
[6] M. T. Reetz, G. Mehler, Angew. Chem. 2000, 112, 4047 – 4049;
Angew. Chem. Int. Ed. 2000, 39, 3889 – 3890.
[7] M. van den Berg, A. J. Minnaard, E. P. Schudde, J. van Esch,
A. H. M. de Vries, J. G. de Vries, B. L. Feringa, J. Am. Chem.
Soc. 2000, 122, 11539 – 11540.
Table 2: Different combinations and ratios of L’n/Ln as catalysts.[a]
Entry Ligand system Rh/L’n/Ln Time [h][b] Conv. [%][c] ee [%][c]
1 L’1/L2 1/1.5/1.2 4 100 94 (+)
2 L’1/PPh3 1/1.5/1.2 4 56 24 (+)
3 L’4/L2 1/1.5/1.2 14 19 10 (+)
4 L’1/L3 1/1.5/1.2 4 20 17 (+)
5 L12 1/0/2.1 4 85 1 ()
6[d] L’1/L2 1/1.5/1.2 14 86 93 (+)
7 L’1/L2 1/1.5/1.5 14 100 92 (+)
8 L’1/L2 1/1.5/1 14 100 92 (+)
9 L’1/L2 1/2/1 14 100 93 (+)
10 L’1/L2 1/1.2/1 14 100 64 (+)
11 L’1/L2 1/0.5/0.5 14 100 9 (+)
12 binaphos[e] – 14 100 60 (+)
[a] Reaction conditions: 1 mmol of substrate 1, 5 mol% [Rh(cod)2]BF4,
CH2Cl2, 12 bar H2, 25 8C, 20 equiv diisopropyl ethyl amine. [b] The time
required for the reaction to go to completion based on H2 uptake and GC
analysis. [c] Conversion and ee were determined by chiral GC (Chiralsil-
DEXCB). The optical signs in brackets are referenced to literature
data.[17a] [d] 1 mol% catalyst. [e] 1.1 equiv with respect to Rh.
Communications
1226 www.angewandte.org  2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2006, 45, 1223 –1227
[8] C. Claver, E. Fernandez, A. Gillon, K. Heslop, D. J. Hyett, A.
Martorell, A. G. Orpen, P. G. Pringle, Chem. Commun. 2000,
961 – 962.
[9] a) M. T. Reetz, X. Li, Angew. Chem. 2005, 117, 3019 – 3021;
Angew. Chem. Int. Ed. 2005, 44, 2959 – 2962; b) M. T. Reetz, X.
Li, Tetrahedron 2004, 60, 9709 – 9714; c) M. T. Reetz, G. Mehler,
A. Meiswinkel, Tetrahedron: Asymmetry 2004, 15, 2165 – 2167;
d) M. T. Reetz, T. Sell, A. Meiswinkel, G. Mehler,Angew. Chem.
2003, 115, 814 – 817; Angew. Chem. Int. Ed. 2003, 42, 790 – 793.
[10] a) C. Monti, C. Gennari, U. Piarulli, J. G. de Vries, A. H. M.
de Vries, L. Lefort, Chem. Eur. J. 2005, 11, 6701 – 6717;
b) A. H. M. de Vries, L. Lefort, J. A. F. Boogers, J. G. de Vries,
D. J. Ager, Chim. Oggi 2005, 23, 18 – 22 (Supplement on Chiral
Technologies); c) R. Hoen, J. A. F. Boogers, H. Bernsmann, A. J.
Minnaard, A. Meetsma, T. D. Tiemersma-Wegman, A. H. M.
de Vries, J. G. de Vries, B. L. Feringa, Angew. Chem. 2005, 117,
4281 – 4284; Angew. Chem. Int. Ed. 2005, 44, 4209 – 4212; d) D.
PeLa, A. J. Minnaard, J. A. F. Boogers, A. H. M. de Vries, J. G.
de Vries, B. L. Feringa,Org. Biomol. Chem. 2003, 1, 1087 – 1089.
[11] L. Lefort, J. A. F. Boogers, A. H. M. de Vries, J. G. de Vries,Org.
Lett. 2004, 6, 1733 – 1735.
[12] a) J. F. Jensen, I. Sotofte, H. O. Sorensen, M. Johannsen, J. Org.
Chem. 2003, 68, 1258 – 1265; b) F. Blume, S. Zemolka, T. Fey, R.
Kranich, H.-G. Schmalz, Adv. Synth. Catal. 2002, 344, 868 – 883;
c) A. Bastero, C. Claver, A. Ruiz, S. CastillIn, E. Daura, C. Bo,
E. Zangrando, Chem. Eur. J. 2004, 10, 3747 – 3760; d) R.
Kranich, K. Eis, O. Geis, S. Muhle, J. W. Bats, H.-G. Schmalz,
Chem. Eur. J. 2000, 6, 2874 – 2894; e) R. Imbos, A. J. Minnaard,
B. L. Feringa, J. Am. Chem. Soc. 2002, 124, 184 – 185.
[13] For a recent review on bidentate ligands in asymmetric hydro-
genation, see: W. Tang, X. Zhang, Chem. Rev. 2003, 103, 3029 –
3069, and references therein.
[14] a) V. F. Slagt, P. W. N. M. van Leeuwen, J. N. H. Reek, Chem.
Commun. 2003, 19, 2474 – 2475; b) V. F. Slagt, M. RNder, P. C. J.
Kamer, P. W. N. M. van Leeuwen, J. N. H. Reek, J. Am. Chem.
Soc. 2004, 126, 4056 – 4057; c) V. F. Slagt, P. W. N. M. van Leeu-
wen, J. N. H. Reek,Angew. Chem. 2003, 115, 5771 – 5781;Angew.
Chem. Int. Ed. 2003, 42, 5619 – 5623; d) M. J. Wilkinson,
P. W. N. M. van Leeuwen, J. N. H. Reek, Org. Biomol. Chem.
2005, 3, 2371 – 2383; e) J. N. H. Reek, M. RNder, P. E. Gou-
driaan, P. C. J. Kamer, P. W. N. M. van Leeuwen, V. F. Slagt, J.
Organomet. Chem. 2005, 690, 4505 – 4516.
[15] a) B. Breit, W. Seiche, Angew. Chem. 2005, 117, 4401 – 4404;
Angew. Chem. Int. Ed. 2005, 44, 1640 – 1643; b) B. Breit, W.
Seiche, J. Am. Chem. Soc. 2003, 125, 6608 – 6609; c) J. M. Takacs,
D. S. Reddy, S. A. Moteki, D.Wu, H. Palencia, J. Am. Chem. Soc.
2004, 126, 4494 – 4495.
[16] The hydrogenation of a variety of substrates will be reported in a
full paper on this topic.
[17] For examples of Ru-catalyzed hydrogenation of 1, see: a) J. L.
Renaud, P. Dupau, A.-E. Hay, M. Guingouain, P. H. Dixneuf, C.
Bruneau, Adv. Synth. Catal. 2003, 345, 230 – 238; b) P. Dupau, P.
Le Gendre, C. Bruneau, P. H. Dixneuf, Synlett 1999, 11, 1832 –
1834; c) P. Dupau, C. Bruneau, P. H. Dixneuf, Adv. Synth. Catal.
2001, 343, 331 – 334; d) M. Devocelle, A. Mortreux, F. Agbossou,
J.-R. Dormoy, Tetrahedron Lett. 1999, 40, 4551 – 4554; e) D. M.
Tschaen, L. Abramson, D. Cai, R. Desmond, U.-H. Dolling, L.
Frey, S. Karady, Y.-J. Shi, T. R. Verhoeven, J. Org. Chem. 1995,
60, 4324 – 4330.
[18] For examples of Rh-catalyzed hydrogenation of 1, see: a) Z.
Zhang, G. Zhu, Q. Jiang, D. Xiao, X. Zhang, J. Org. Chem. 1999,
64, 1774 – 1775; b) H. Bernsmann, M. van den Berg, R. Hoen,
A. J. Minnaard, G. Mehler, M. T. Reetz, J. G. de Vries, B. L.
Feringa, J. Org. Chem. 2005, 70, 943 – 951; c) R. Hoen, M.
van den Berg, H. Bernsmann, A. J. Minnaard, J. G. de Vries,
B. L. Feringa, Org. Lett. 2004, 6, 1433 – 1436; d) F. Guillen, M.
Rivard, M. Toffano, J. Y. Legros, J. C. Daran, J.-C. Fiaud,
Tetrahedron 2002, 58, 5895 – 5904; e) W. Tang, Y. Chi, X.
Zhang, Org. Lett. 2002, 4, 1695 – 1698.
[19] For binaphos and related ligands in asymmetric hydrogenation,
see: Y. Yan, Y. Chi, X. Zhang, Tetrahedron: Asymmetry 2004, 15,
2173 – 2175, and references therein.
[20] For a recent review on binaphos in asymmetric hydroformyla-
tion, see: M. DiPguez, O. Pamies, C. Claver, Tetrahedron:
Asymmetry 2004, 15, 2113 – 2122.
Angewandte
Chemie
1227Angew. Chem. Int. Ed. 2006, 45, 1223 –1227  2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
